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A lossless data compression method 
enabling fast decompression 

Background of Invention 

[0001 ] The purpose of data compression is to reduce the amount of storage space or 
communications bandwidth a particular piece of data requires. Several methods 
have been developed. In this method, we consider lossless compression where 
after the decompression the data appears exactly as it was before the compression 
and decompression. Following the common terminology we speak of symbols 
when in fact, they can be any characters, byte values, two byte values or new 
values introduced by the compression algorithm. Our method as many other 
methods rely on finding repetitions of symbol sequences. Compression is achieved 
by replacing equal symbol sequences with new and hopefully shorter symbols. The 
relationship between the new symbols and the symbol sequences they replace 
must also be somehow delivered to the decompressor. Well known is the Ziv and 

Lempel 77 ^ method, in that method, a symbol sequence is replaced by a pointer 
backwards to a previous occurrence of the same sequence and the length of this 

occurrence. Our method of finding the repetitions differs from that of Ziv and 

Lempel 77. However, we also use a pointer backwards but we don't have to tell the 

length of the pointed sequence. 

[0002] After our method is applied, the resulting symbol sequence can be e.g. 

Huffman coded or arithmetic coded. For an overview of compression techniques 
see Witten, I. H., Moffat, A., and Bell. T. C, 1 999. Managing Gigabytes: 

6 

compressing and indexing documents and images . 

[0003] 

To find the repetitions we use a modified earlier presented algorithm. To 
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roughly characterize the method essential is that the finding of the repetitions is 
based on symbol pairs. The technique repeatedly finds pairs formed by two 
adjacent symbols and replaces occurrences of common pairs with one new symbol. 
Some studies have been performed concerning this technique. Common to them is 
that the result will consist of two entities: replacement rules and a symbol 
sequence. During the decompression, the replacement rules are consulted to 
interpret the symbol sequence and produce the original uncompressed input. The 
presented invention does not need the replacement rules - the symbol sequence is 
built in a new way, which enables that the replacement rules can be inferred from 
the symbol sequence. 

[0004] j^^^i^j^ 5 gjygj g^^ly version of the repetition finding algorithm. Later this 

2 ^ 
algorithm is presented by Larsson and by Larsson and Moffat . Similar 

technique is also presented by Cannane and Williams . They also store and 
compress the replacement rules - which they call phrase dictionary - as separate 

4 

entity. Slightly different is a grammar-based approach called the SEQUITUR . 
However, it is also symbol-pair based and collects the replaced symbol-pairs into 

grammar rules. Again, the phrases i.e. the rules of the grammar are separately 
compressed. 

[0005] 1 . Cannane, A., Williams, H. E., General Purpose Compression for Efficient 

Retrieval. Journal of the American Society for Information Science and technology 
vol 52(5), 430-437, 2001. 

[0006] 2. Larsson, N. J., 1 999. Structures of string matching and data compression, p. 
91 -no. Doctoral dissertation. Department of Computer Science, Lund University, 
Sweden. 

[0007] 3. Larsson, N.J., Moffat A., Offline dictionary-based compression. IEEE Data 
Compression Conference, 1 999, Snowbird, Utah, p. 295-305. IEEE Computer 
Society Press, Los Alamitos, California. 

[0008] 

4. Nevill-Manning, C.G., Witten, I.H., D.R. Olsen, Jr., Compressing semi- 
structured text using hierarchical phrase identification. IEEE Data Compression 
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Conference, 1996, Snowbird, Utah, p. 63-72. . IEEE Computer Society Press, Los 
Alamitos, California. 

[0009] 5. Rubin, F., Experiments in text compression. Communications of the ACM 1 9 
(1976), no 1 1, 617-623. 

[001 0] 6. Witten, I. H., Moffat, A., Bell, T. C, 1 999. Managing Gigabytes: compressing 
and indexing documents and images. Second edition. Morgan Kaufmann 
publishers. 

[001 1] 7. Ziv,J., Lempel A., 1977. A universal algorithm for sequential data 

compression. IEEE Transactions on Information Theory IT-23(3):337-343, May. 

Summary of Invention 

[001 2] In a prior art algorithm, a main loop finds the most frequently existing pair of 
two adjacent symbols (e.g. be). All occurrences of these two symbols are studied 
and replaced by a new symbol (e.g. E). This replacement rule (boE) is recorded in 
a separate list which itself has later to be compressed. This finding and replacing 
loop continues until no two adjacent symbols occur more than a predetermined 
times. The algorithm uses a symbol sequence array, a hash table and a priority 
queue as data structures. Whenever a replacement Is done, the data structures are 
updated to reflect the new symbol sequence after the replacement and the new 
frequencies (e.g. abed becomes aEd and the frequencies of ab and cd are lessened 
by 1 and the frequencies of aE and Ed are increased by 1). The decompression 
needs the list of replacement rules and the symbol sequence. 

'■^^^ On our method, we do not need a separate list of replacement rules. This 

information can be delivered in the compressed sequence itself. We also introduce 
methods to speed up the updating of each pair's properties. This in prior art 
requires a hash table lookup. The purpose is to lessen the amount of hash table 
lookups and priority queue updates. The updating of the priority queue can be 
postponed to a moment when all the occurrences of a pair have been studied. Also 
new arrays can be introduced to lessen the amount of hash table lookups. Using 
these arrays only 1 hashing per pair is required when a pair's position in the 
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priority queue is reconsidered. 

[001 4] To overcome need to have a separate list of replacement rules the following 
method is used: The first one of the occurrences of a pair is not replaced. Later in 
the algorithm when no more symbols are replaced every introduced new symbol 
that still exists is turned to be a pointer to the corresponding first occurrence of 
the pair. A pointer is the position of the first symbol of a pair. Each pointer now 
represents two other symbols: either of them can be an atomic symbol or a 
pointer. To distinguish between atomic symbols and pointers a constant value 
greater than any atomic value is added to a pointer value. This approach of using 
the first pair as an explanation of symbols meaning or as a replacement rule also 
makes the decompression very simple. The decompression traverses the 
compressed sequence and keeps track of each compressed position's 
decompressed length and starting position in the decompressed sequence. For 
every position in compressed input, the number of decompressed symbols 
indicated by the position's then known length is copied to decompressed output. 
An atomic symbol's length is 1 and a pointer's length is the combined length of the 
two other positions it points to. No recursion is needed in decompression. The 
presented method of leaving one pair and transforming the corresponding symbol 
to a pointer needs a careful counting of the adjacent symbols' frequencies and an 
extra bit per symbol is required during the computation to tell that a symbol 
cannot be replaced. For each pair of symbols the prior art algorithm keeps track of 
each pair's occurrence number, the current invention counts the number of those 
occurrences that can be replaced. 

[001 5] Other strategies of choosing the occurrence of a pair that is not replaced are 

discussed briefly. Comparing to other strategies the presented one of choosing the 
first occurrence enables a very fast and straightforward decompression. 

[0016] 

The speed up methods are discussed next. A pair's properties are stored in a 
record that is in a double linked priority queue list. The number of replaceable 
occurrences of a pair determines the list in question. If the priority queue update is 
done immediately after each number change, these double linked lists have many 
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changes. The priority queue update can be postponed to the point of next needed 
finding of a pair of greatest number of replaceable occurrences. One array is used 
to store the indexes of changed records (or pointers to those records). When the 
priority queue update nnust be done, the array is traversed and the records moved, 
each only once. 

[001 7] Another speed-up method with fewer hash table lookups is also presented. 
Consider the phase where all occurrences of a chosen pair are studied for a 
possible replacement by a new symbol. Thus e.g. abed will become aEd when E is a 
new symbol replacing the pair be. Now we introduce an array indexed by the 
symbols appearing at left side of pair be, in this case "a" to store a record that will 
store the number of replaceable occurrences change for pairs ab and aE and other 
needed information. Similarly we have an array for the symbols that will appear at 
right side of be, in this case it is indexed by "d". Now for most cases the number of 
replaceable occurrences changes in synchrony -e.g. the pair ab will lose 1 
occurrence and pair aE will gain 1 occurrence. There are cases when the number to 
be decremented will differ from the number to be incremented. They can be found 
and 5 variables are required to store the needed information. When all the 
occurrences of the pair be have been studied, the two arrays and the 5 variables 
are studied and each new pair is only once hashed and inserted into the hash table 
list and into the priority queue. Then also the priority queue move for previously 
existing pairs is done. 



Brief Description of Drawings 



[0018] 



Referring to Figure 1 a. The symbol sequence is stored in an array whose 
records have the following 3 fields: 



[0019] 



• Pointer to previous occurrence of this pair 



[0020] 



• Symbol's value 



[0021] 



• Pointer to next occurrence of this pair 



[0022] 



Symbol's value can have a negative sign indicating that this position cannot be 
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replaced. The pointers are the positions of the previous and next occurrence of the 
pair that this symbol and the next one form. 

[0023] Figure 1 b gives an example of a symbol sequence and the corresponding 
symbol sequence array, 

[0024] Figure 1 c gives a symbols sequence array before the replacement and the 
Figure Id after the replacement. 

[0025] Figure 2 shows the symbol sequence array W . An array hash table 20 is used 
to locate the records Jd? storing the properties of a pair. Hash table has 1 field: 

[0026] • Index of a record in Pairs array 

[0027] This value is set to -1 if no record has been hashed to the index value of this 
slot. Those pair values that hash to same slot are in a double linked list. An array 
priority queue 40X.O find the greatest number of replaceable occurrences. It has 1 
field: 

[0028] • Index of a record in a Pairs array 

[0029] Priority queue is indexed from 0 to SqrLenlnp. SqrLenlnp is the square root of 
the input length. This is calculated when the symbol sequence array is build. 
Entries in the priority queue point to records in the Pairs array. These records have 
a double linked priority queue list. Those pair records having the number of 
replaceable occurrences greater or equal to SqrLenlnp are in the same priority 
queue list, other values have each a list of their own. 

[0030] An array Pairs stores the records JO that the hash table and the priority queue 
point to. Each record has the following 9 fields: 

[0031] • First symbol value 

[0032] • Second symbol value 

[0033] • First position 

[0034] • Last seen previous position 
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[0035] • Number of occurrences that can be replaced 
[0036] • Previous in hash table list 
[0037] • Next in hash table list 
[0038] • Previous in priority queue list 
[0039] • Next in priority queue list 

[0040] The re-usable records of the Pairs array are collected into a list pointed by a 
Pairsfree variable 5^?. This list uses the field "Next in hash table list" in Pairs array 
records 30 . 

[0041] A SymbolStart array 60Xo store the position of the first occurrence of a pair a 
new nonatomic symbol replaces. An index into this array is the value of the new 
nonatomic symbol. Value returned is the position: SymbolStart (symbol E)=position 
of the first symbol from pair be when symbol E replaced the pairs be in the symbol 
sequence array. 

[0042] Figure 3 shows the fields of a record in the arrays LeftChanges and 

RightChanges used in algorithm A3 to store a changed pair's properties. They have 
the following 3 fields: 

[0043] • First position 

[0044] • Last seen previous position 

[0045] • Number of changes 

Detailed Description 

[0046] Algorithm Al . 

[0047] To give overview we give first a sketchy description of the compression 

algorithm. Later, a detailed description is shown. The data structures are in Figure 
2. Input consists of symbols, usually but not necessarily between 0 and 255. All 
input symbols are below upperlimit. 
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[0048] Step 1 . The input symbols are traversed from left to right once, A pair is two 
adjacent symbols. The number how many times each pair exists is counted and 
stored in a record J£?as a number of replaceable occurrences. One record of 
storage is used for each pair. The input symbols are inserted into symbol sequence 
array 10. 

[0049] Step 2. These records containing each pair's number of replaceable 

occurrences are inserted into priority queue 40 lists. The number determines the 
priority queue list in question. 

[0050] Step 3. 

[0051] (a) Find from the priority queue the pair having the greatest number of 
replaceable occurrences. 

[0052] (b) The two symbol positions in the symbol sequence array /Oof the first 

occurrence of the pair found in step 3a are marked not replaceable. If this marking 
decrements the number of replaceable occurrences for pairs formed by symbols 
adjacent to chosen pair's symbols then the affected pairs' records are moved into 
proper positions in the priority queue lists. 

[0053] (c) Introduce a new symbol, not existing before. The position of the first 

symbol of the first occurrence of the pair chosen in step 3a is stored into an array 
SymbolStart 50 indexed by the corresponding new symbol's value. 

[0054] (d) The other occurrences of this pair are studied and those occurrences whose 
both symbols are replaceable are replaced with the new symbol. If this marking 
decrements or increments the number of replaceable occurrences for pairs formed 
by symbols adjacent to an occurrences symbols then the affected pairs' records are 
moved into proper positions in the priority queue lists, 

[0055] This step 3 continues from the beginning of it until the greatest number of 
replaceable occurrences found descents to a given limit. 

[0056] 5^gp 4_ If gjyg^ ij^j^ Qf greatest number of replaceable occurrences is 1 

then this step 4 is done. The symbols are traversed form left to right and if there is 



Pages of 50 



a pair whose second occurrence's both symbols are replaceable then the second 
occurrence is replaced by a new symbol. The position of the first symbol of the 
first occurrence is stored into a SymbolStart 6*^7 array indexed by the corresponding 
new symbol's value. During one traversal of the symbols, all such replaceable pairs 
have been found. 

[0057] Step 5, The symbols are traversed from left to right once and moved to the 
output array. Every symbol that was used to replace an occurrence of a pair is 
transformed to a value that is the position of the first symbol of the first 
occurrence of the replaced pair plus a constant value upperlimit, which is greater 
than any symbol in input. The position of the first occurrence's first symbol in 
symbol sequence array is obtained from the SymbolStart array indexed by the 
symbol's value. The position in symbol sequence array is transformed to be a 
position in the output array. This step 5 is done in one traversal of the symbols. 

[0058] The decompression is described next. Recall that the compressed sequence 
consists of atomic symbols i.e. some symbols from original uncompressed input 
and pointers. A pointer is a value of the position pointed to plus a value called 
upperlimit that is greater than any atomic symbol's value. 

[0059] Step 5. The algorithm can now finish. 

[0060] For each position X in compressed input: 

[0061] Step 1. Determine if a position X in compressed input contains an atomic 

symbol or a pointer: if the value is less than upperlimit then the position contains 
an atomic symbol. 

[0062] Step 2. If a position X contains an atomic symbol then 

[0063] copy the atomic symbol to the next unoccupied position Z in decompressed 
output and set 

[0064] Length_of_position (X) = 1 

[0065] Starting„position(X) = Z 
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[0066] else if a position X contains a pointer to a position Y then set 
E=Length_of_position(Y) + Length_of_position(Y+l ) 

[0067] and copy E positions to next unoccupied position Z in decompressed output 
from decompressed output from tlie position Starting_position(Y) and set 

[0068] Lengtli_of_position(X) ^ E 
[0069] Starting_position(X) = Z. 

[0070] The decompression is done in one traversal of the compressed input. 

[0071] Comparing the current invention to prior art new is the idea of leaving the first 
occurrence of a pair in the compressed sequence and transforming as last step of 
the compression the replaced occurrences to pointers to this first occurrence. This 
eliminates the need to apply compression techniques to the separate list of 
replacement rules. In addition, the decompression is very straightforward requiring 
only one traversal of the compressed sequence. In prior art decompression, this list 
must first be decompressed and then the list must be consulted during the 
decompression of the compressed symbol sequence. The already mentioned 
fundamental difference also leads to other differences in the algorithms. For 
example, the prior art algorithm thus does not have to separate symbol positions 
into replaceable and not replaceable. The prior art method counts all of pair's 
occurrences whereas the current invention counts only replaceable occurrences. 
The prior art algorithm and the presented one have same kind of data structures: 
hash table, priority queue, and symbol sequence array. Their exact usage varies 
depending on the differences in the algorithms and in the coding style. 

[0072] Now the detailed description is shown. The data structures are in Figure 2. 
First, some often-used routines of the algorithm are described. 

[0073] 

The procedure PutlntoPairs is called when a pair is inserted into the hash table 
linked list. The pair may also already be there. Parameters are the position of the 
first symbol of the pair in the symbol sequence array 10, the first and the second 
symbol of the pair and a number indicating the increment of the pair's number of 
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replaceable occurrences. The method returns the pair's index in the Pairs array 30 
as last parameter. First PutlntoPairs checks if the hash table linked list Is empty. If 
not then the list is traversed in order to find a record whose symbols match those 
of the input parameters. If this record 30 \s found then the number of replaceable 
occurrences is incremented by the value of the input parameter. In addition, the 
pointers in the symbol sequence array 7^7 are updated for this new occurrence of 
this pair. This means that the position found in the record's "Last seen previous 
position" field is set to point to the position of the first input parameter. The 
symbol sequence array's 7^? previous pointer at the position of the first input 
parameter is set to have this "Last seen previous position" value. The field "Last 
seen previous position" of the record 30\s then set to the value of the first input 
parameter. The symbol sequence array's 7^9 next pointer is set to nil (-1) value. 
This was the case when the record already was in the Pairs array 30. Now if the 
record was not found then first it is checked if the re-usable list 5^7 is not empty. If 
it is not empty then the first one of its records is used to store this pair's 
properties. If the re-usable list 50 is empty then a new record is allocated from the 
Pairs array 30 . The record is put into the first position of the double linked hash 
table list. The field "Last seen previous position" and the field "First position" of the 
record 30 \s then set to the value of the first input parameter. The symbol 
sequence array's 7^7 next and previous pointers are set to nil (-1) value. 

[0074] 

Next, we describe the method to skip the positions that become empty 
because of a replacement. Let abcbcbcd be a symbol sequence in the symbol 
sequence array 70 from which be will be replaced by E. The compression algorithm 
will find that there are 3 consecutive occurrences of be. The symbol E is put to 3 
consecutive positions starting from and Including the first b. The position 
immediately following the last E will be set to 0. Another 0 is set to the last 
position of the replaced symbol sequence. Thus, the new sequence will be 
aEEEObOd. The pointers of the symbol sequence array at the 0 valued positions are 
set to point to one pass each other, skipping the other 0 and the b symbol between 
them. Thus the first O's next pointer will point to position of the second 0 plus 1 
and the second O's previous pointer will be set to point to the first O's position 
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minus 1 , Whenever in the computation the symbol following for e.g. the last E is 
needed it is known that if the symbol at the next position is 0 the needed symbol is 
at the destination of the next pointer of the found 0 position. 

[0075] A procedure called FIxPointers is used to set the symbol sequence array's W 
pointers for disappearing pairs. Let again abcbcbcd be a sequence from which be 
will be replaced by E forming the sequence aEEEd (shown without the empty 
positions). The parameters of FIxPointers are the edge positions "a" and "d" and the 
position of the first symbol of the pair whose pointer need to be set and the 
absolute symbol values of the pair whose pointers need to be set. An absolute 
(abs) value is the value without the sign, abs(-1)=l . Note that in the example 1 
occurrence of pairs ab and cd and 2 occurrences of pair cb will disappear. Let 
positions of "a" and "d" and the position posf and the absolute symbol values m 
and n be the parameters of Fixpointers. Now set p to be the value of posf s 
previous pointer and r the value of its next pointer. Now move p to the left using 
previous pointers until p is less than position of "a". Move r to the right using the 
next pointers r until r is greater or equal to position of "d". If this p is not a null 
pointer (we use -1 ) then there is a previous occurrence of mn and so set the next 
pointer at position p to point to r. Similarly if there is an r position set its previous 
pointer to p. If there was no previous occurrence of mn then this one is the first 
one and since it now disappears the field "First position" in the Pairs array record 
30 must now be updated to point to r. The record in the Pairs array is found using 
the hash table 10 . In our example the Fixpointers would be called three times, 
always with edge positions "a" and "d" but with first positions and symbol values 
corresponding to ab, cd and cb. 

[0076] CountSimil coxxnls the number of consecutive occurrences of a given symbol up 
to the first different symbol or not replaceable symbol position. If a disappearing 
pair's symbols are equal then CountSimil is used to determine if the number of 
replaceable occurrences of this disappearing pair is to be decremented. This 
function's parameters are the direction (left or right), and the position from which 
to start the counting. As an example, we use a sequence bbbbbcy that has 5 b 
symbols but 2 occurrences of the pair bb. When the pair be is replaced by E then in 
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the new sequence bbbbEy there is still 2 occurrences of the pair bb left. The 
sequence bbbbcy has 4 b symbols and after the replacement, the bbbEy has only 1 
occurrence of bb left. Thus, CountSimil is needed to count the number of "b" 
symbols. 

[0077] Next the priority queue's 40 lower and upper bounds are described. The 

priority queue is indexed from 0 to SqrLenlnp, where SqrLenlnp is the square root 
of the input length. This is calculated when the symbol sequence array is build. 

2 

This upper bound is suggested by Larsson . Using this bound the following nice 
theoretical result can be shown: the total time the algorithm needs in finding the 

pair having the greatest occurrence number is 0(n), where n is the number of input 

symbols. This result also applies to the current invention. Those pairs having the 

number greater than or equal to SqrLenlnp are in th last list. Others are in a list for 

each number below SqrLenlnp. 

[0078] The Decrement pxoc^dux^ is used to update the priority queue ^^and the 
priority queue pointers in Pairs array records JO as well as the number of 
replaceable occurrences itself. Let's use the same example as in previous chapter, 
abcbcbcd. The first parameter is the decremented number - let it be k. The second 
and third parameters are the symbols of the pair. Now use hash table 20xo find 
this pair's record 30 , Decrement the number of replaceable occurrences by k. If 
the result is greater than or equal to SqrLenlnp, then nothing needs to be done and 
the procedure can quit. (The record is in the last priority queue list and still 
belongs there). Otherwise, disconnect the record from its previous and next record 
in the double linked priority queue list. Connect these records to each other. If the 
new number of replaceable occurrences is greater than Numlimit then put this 
record into the first position in the priority queue indexed by the new number. If 
the new number is less or equal to Numlimit then this pair is moved to a list of re- 
usable records 50, First, disconnect this record from its double linked hash table 
7(9 list and connect its previous and next hash table list records to each other. 
Then set this record's "Next in hash table list" pointer to point to the record 
pointed by Pairsfee variable. Then set the Pairsfree to point to this record. 
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[0079] The procedure Increment mowes the Pairs array record 5d?from one priority 
queue 40 list to another list. The first parameter is the index of thep record in 
question, second parameter is the value of the increment. This procedure is called 
for such symbol pairs whose number of replaceable occurrences is increasing and 
for this reason records are put into a new list even if this number is below or equal 
to Numlimit. 

[0080] Now the algorithm is given. 

[0081] The input is a sequence of atomic symbols x, 0 <= x < upperlimit (typically 1 
byte long: 0<= x <256). Nonatomic symbols are new symbols that start from 
upperlimit and each new nonatomic symbol is the previous one +1 . 

[0082] Step 1 . Reading of an input into symbol sequence array 10 . Referring to Figure 
2. Input array is scanned from left to right once. Insert every symbol into symbol 
sequence array JO and add 1 to each symbols value. The procedure PutlntoPairs is 
used to update the Pairs array records 30 for each pair formed by two consecutive 
symbols. If there are RLcount consecutive occurrences of a same symbol then the 
number of replaceable occurrences of the pair in question is incremented by 
RLcount\2 (4\2=2,5\2 = 2). E.g. in a sequence bbba there is one occurrence of the 
pair bb. The following code does this reading. 

[0083] Variable Explanation 

[0084] A original input is In this array 

[0085] si Index in symbol sequence array 

[0085] prev Previous symbol value 

[0087] RLcount Number of consecutive occurrences of a pair 
[0088] oldnum previous number of occurrences 
[0089] IndexInPairs index in Pairs array 30 
[0090] 

A notation X(i).z means that a record's field z is referenced at index position i 
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of array X. 



[0091] For i = 1 To the end of input array A 

[0092] si = si 4- 1 

[0093] symbol_sequence_array(si). symbol = A(i) + 1 

[0094] If A(i) + 1 = prevThen 

[0095] RLcount = RLcount + 1 

[0096] PutlntoPairs ai - 1 , prev, prev, 1 , IndexInPairs 

[0097] If RLcount = 2 Then 

[0098] oldnum ^ Pairs(lndexlnPairs). number - 1 

[0099] End if 

[0100] Else 

[0101] if RLcount > 1 Then 

[01 02] Pairs(lndexlnPairs). number -= oldnum + RLcount \2 

[0103] End If 

[0104] RLcount = 1 

[01 05] PutlntoPairs q:\ - 1 , A(i - 1) -h 1 , A(i) + 1,1, IndexInPai 

[0106] prev = A(i) 4- 1 

[0107] End If 

[01 08] Next I 

[0109] If RLcount > 1 Then 

[01 1 0] Pairs(lndexlnPairs). number = oldnum + RLcount \2 



[0111] End If 

[01 12] Step 2. Initial inserting of tiie records of Pairs array JC^into the priority queue 
40 lists. Referring to Figure 2. Recall that the priority queue is an array whose 
values are indexes in the Pairs array. The priority queue is indexed by a number 
and this is the number of replaceable occurrences of all the records in the same 
double linked list starting from the first record. The last priority queue entry is an 
exception: in this list there are numbers greater than or equal to the square root of 
input length. Let Numlimit be a number and let SqrLenlnp be the square root of 
input length. Go through the pair records in Pairs array 30 . Insert every record 
having the number of replaceable occurrences greater than or equal to SqrLenlnp 
into the last priority queue list. Every record having a number greater than 
Numlimit and less than SqrLenlnp is inserted into the list pointed by its number. If 
the number is less than or equal to Numlimit then disconnect the record from its 
double linked hash table list and connect the previous record and the next record 
to each other. Next, it is moved to a list of re-usable records 50 , Set this record's 
"Next in hash table list" pointer to point to the record pointed by Pairsfee variable. 
Then set the Pairsfree to point to this record. 

[01 13] Step 3. Looping until the greatest number of replaceable occurrences is 

Numlimit. Referring to Figure 2. This is the main loop of the algorithm. When this 
loop finishes all priority queue lists above Numlimit are empty. 

[01 14] (a) Find from the priority queue ^^?the pair having the greatest number of 

replaceable occurrences. This is achieved by going through the list pointed by the 
last priority queue entry, SqrLenlnp, if it is not empty. If this list is empty then take 
the first record 30\n the first nonempty list found going down from SqrLenlnp. 
Note that a newly found greatest number of replaceable occurrences cannot exceed 
any previously found and thus the priority queue's 4<3 starting positions are studied 
in descending order. Use this found record's field "First position" to find the 
starting position in symbol sequence array 10 . 

[01 1 5] ^1^^ 1^ ^1^^ symbol in this first position. Let c be the symbol in next 

position (empty positions skipped). Let the symbol before b be "a" and the symbol 
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after "c" be "d" thus forming a sequence abed. 



[0116] The leftside. 

[0117] If a>Othen 

[01 1 8] If abs(a)=abs(b) then 

[01 1 9] If abs(b)<>abs(c) then 

[01 20] If Co£//7f5//77/7 (Left, Position of a) mod 2 = 0 then 

[0121] Decrement 1 ,abs(a),abs(b) 

[0122] End if 

[0123] End if 

[0124] Else 

[01 25] Decrement 1 ,abs(a),abs(b) 

[0125] End if 

[0127] End if 

[01 28] The right side. 

[0129] lfd>OThen 

[01 30] If abs(c) = abs(d) Then 

[0131] If abs(b)<>abs(c) Then 

[01 32] If Coi//7f5//77// (Right, Position of d) Mod 2 = 0 Then 

[01 33] Decrement 1 , abs(c), abs(d) 

[0134] End If 

[0135] End If 



[0136] Else 

[01 37] Decrement 1 , abs(c), abs(d) 

[0138] End If 

[0139] End If 

[01 40] Next, set the symbols b and c values negative indicating they are part of a first 
occurrence of a replaced pair. Index the SymbolStart array by abs(b) and set this 
Symbolstart(ab5(b)) to have a value of the position of b. 

[0141] (c) Using the next pointer of this first position in the symbol sequence array W 
study all the other occurrences of this pair be. 

[0142] If one of the symbols in an occurrence is negative then the occurrence's first 
symbol's previous and next pointers to null (-1). 

[01 43] If in an occurrence both the first and second symbols are positive then find the 
number of consecutive occurrences of this pair requiring all symbols of these 
occurrences being positive. Let RLcount be this number (we use now abcbcbcd as 
an example, RLcount is thus 3), First, the left pair ab is dealt with. Using the 
following logic apply the procedures Decrement and FixPointers, when be is the 
pair to be replaced and "a" the symbol before the first pair. The following logic sets 
the pointers of disappearing occurrences ab, cb and cd. The procedure Decrement 
is called for special cases when a==b or a=c. 

[0144] wasmiddle = False 

[01 45] sgnA=symbol "a" with the sign i.e. sgnA can be also negative 

[01 46] If abs(b)<>abs(c) Then 

[01 47] FixPointers position of "a", position of "d", position of "a", abs(a), abs(b) 
[01 48] If sgnA = abs(b) Then 

[0149] If CountSimi/ (Left, position of "a") Mod 2 = OThen 
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[0150] Decrement 1 , abs(a), abs(b) 

[0151] End If 

[01 52] Elself sgnA = abs(c) Then 

[01 53] Decrement 1 , abs(a), abs(b) 

[01 54] wasmiddle = True 

[0155] End If 

[01 56] Elself abs(x) <> abs(b) Then 

[01 57] FixPointers position of "a", position of "d", position of "a", abs(a), abs(b) 

[0158] End If 

[01 59] Next the right pair cd is dealt with. The pair to be replaced Is be and "d" the 

symbol after the last pair. The variable wasmiddle is used ensure that the pair cb's 
pointers are set only once. The procedure Decrement is called for special cases 
when c=d or b=d: 

[01 60] sgnD=symbol "d" with the sign i.e. sgnD can be also negative 
[01 61] If abs(b)<>abs(c) Then 
[01 62] If abs(c) = abs(d) Then 

[01 63] FixPointers position of "a", position of "d", position of the last V, abs(c), abs 

(d) 

[0164] If sgnD > OThen 

[01 65] If CountSimi/ {Right, position of "d") Mod 2 = 0 Then 

[01 66] Decrement 1 , abs(c), abs(d) 

[01 67] End If 

[01 68] End If 
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[01 69] Elself abs(d) - abs(b) Then 

[01 70] If Not wasmiddle Then 

[01 71] FixPointers position of "a", position of "d", position of the last "c", abs(c), 
abs(d) 

[01 72] wasmiddle = True 

[0173] End If 

[0174] If sgnD > OThen 

[01 75] Decrement 1 , abs(c), abs(d) 

[01 76] End If 

[0177] Else 

[01 78] FixPointers position of "a", position of "d", position of the last "c", abs(c), abs 
(d) 

[0179] End If 

[01 80] Elself abs(c) <> abs(d) Then 

[01 81] FixPointers position of "a", position of "d", position of the last V, abs(c), abs 
(d) 

[01 82] End If 

[01 83] Next, the middle pair cb. In a sequence abcbcbcd where RLcount is 3 (3 
occurrences of be) there are 2 occurrences of cb. Again wasmiddle is used to 
ensure that the pointers of the middle pair are set only once. 

[01 84] If abs(b)<>abs(c) And RLcount > 1 Then 

[01 85] If Not wasmiddle Then 

[01 86] FixPointers position of "a", position of "d", position of last "c", abs(c), abs(b) 
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[0187] End If 

[01 88] Decrement RLcount-l , abs(c), abs(b) 

[0189] End If 

[01 90] In previous calls for the Decrement procedure, only some special cases were 
dealt with. Now the other cases for decrementing the number of replaceable 
occurrences are considered. In addition, the new pairs aE and Ed are inserted into 
the hash table 20 double linked list and into the priority queue 40 lists. The 
IndexInPairs variable is returned by the PutlntoPairs. It tells the pair's record's 
index in the Pairs array 30 : 

[0191] The left side and the pair aE. 

[01 92] If sgnA > 0 Then 

[01 93] If abs(a) <> abs(b) And abs(a) <> abs(c) Then 

[01 94] Decrement 1 , abs(a), abs(b) 

[0195] End if 

[01 96] PutlntoPairs position of "a", abs(a), E, 0, IndexInPairs 

[0197] //7c/-e/77e/7f IndexInPairs ,1 

[0198] Else 

[01 99] PutlntoPairs position of "a", abs(a), E, 0, IndexInPairs 

[0200] End If 

[0201] The right side and the pair Ed. 

[0202] If d > OThen 

[0203] If abs(d) <> abs(b) And abs(d) <> abs(c) Then 

[0204] Decrement 1 , abs(c), abs(d) 
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[0205] End If 

[0206] PutlntoPaIrs position of first b + RLcount - 1 , E, abs(d),0, IndexInPairs 

[0207] /A7CA-e/77e/7f IndexInPairs, 1 

[0208] Else 

[0209] PutlntoPairs position of first b + RLcount - 1 , E, abs(d),0, IndexInPairs 

[0210] End If 

[021 1] Next put the new symbol (let it now be E) RLcount times into positions starting 
from and including the now replaced sequence's first symbol: 

[0212] For i = position of first "b" To position of first "b" + RLcount - 1 

[02 1 3] symboLsequence_array(i).symbol-E 

[0214] Nexti 

[021 5] There will be RLcount\2 new occurrences of the pair EE. Also, update the 
priority queue 40 : 

[0216] If RLcount > 1 Then 

[02 1 7] For i = position of first "b" To position of first "b" + RLcount - 2 

[021 8] PutlntoPaIrs i, E, E, 0, IndexInPairs 

[02 1 9] Next i 

[0220] //7cre/77e/7f IndexInPairs, RLcount \2 

[0221] End If 

[0222] To skip the empty positions set the next pointer of the first and the previous 
pointer of the last of those positions that became empty because of replacement 
by 0: 
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[0223] 



si = position of first "b" + RLcount 



[0224] 



s2 = position of "d" - 1 



[0225] 



symboLsequence_array(sl). symbol = 0 



[0226] 



symbol_sequence_array (s2) .symbol ^ 0 



[0227] symboLsequence.array (si ).next= position of "d" 
[0228] symbol_sequenc€_array (s2).previous= si - 1 

[0229] This step 3(c) continues until all the occurrences of the pair have been studied. 

[0230] (d) When all the occurrences of a pair have been studied for possible 

replacement, the first occurrence's first symbofs next pointer in the symbol 
sequence array 10 \s set to null (-1). In addition, this pair's record is disconnected 
from its priority queue and hash table list, the record's previous and next records 
in the corresponding lists are connected to each other. Then the record is moved 
to the re-usable list 50by setting the record's "Next in hash table list" pointer to 
point to the record pointed by Pairsfee variable and setting the Pairsfree to point to 
this record. Next, the priority queue 40 lists up to and including Numlimit are 
traversed and those records are put into the re-usable list 50. The computation of 
this step 3 "Looping until the greatest number of replaceable occurrences is 
Numlimit" will continue from the start of it, 

[0231] 5^gp 4 5^gp js dope jf the Numlimit value is 1 . This means that all those 
pairs that have at least 2 occurrences whose all symbols are positive have been 
processed. There may still be some pairs whose first pair has one or two negative 
symbols but the second occurrence has two positive symbols. The second 
occurrence of that pair could thus be replaced by a new nonatomic symbol. Now 
this step goes through the symbol sequence array and if a position has a next 
pointer then it is checked if the occurrrnce pointed to has two positive symbols of 
the pair. If this is the case then the first symbol of the second occurrence is set to 
have the value of the new nonatomic symbol and the second symbol is set to 0. 
The array SymbolStart indexed by the new symbol is set to have the value of the 
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position of the first symbol of the first occurrence. The next pointer of the 0*s 
position is set to point to the next symbol. During one traversal of the symbol 
sequence array's symbols, ail such replaceable pairs have been found. 

[0232] Step 5. Now the array Symbolstart contains the positions of the first symbols 
that each nonatomic symbol was used to replace. The array Result is used to hold 
the final output of the algorithm. A temporary array TA is used also. Now go 
through the symbols of the symbol sequence array 10 . It contains some of the 
original atomic values and the new nonatomic symbols. Use the SymbolStart array 
to replace each occurrence of a symbol by its starting position in the Result array 
plus a constant value upperlimit. Use temporary array TA to transform the position 
in the symbol sequence array to position in the Result array. Remember to 
decrement the value of atomic symbols by 1 , which was added at the step 1 . More 
formally: 

[0233] r=-l 

[0234] For each symbol position i do 

[0235] if symbol at symbol sequence array"s position i is'nonatomic Then 

[0236] r = r + 1 

[0237] TA(i) - r 

[0238] Result(r) = TA(SymbolStart(symbol)) -f upperlimit 

[0239] else 

[0240] r = r + 1 

[0241] TA(i) = r 

[0242] Result(r) = symbol - 1 

[0243] End If 

[0244] Next i 



Page24 of 50 



[0245] Step 6. Now the algorithm can finish. The output, the array Result can be e.g. 
Huffman coded or arithmetic coded. 

[0245] For example, the algorithm Al compresses when Numlimit is set to 1 the first 
1.000.000 bytes of the bible.txt in the Canterbury corpus into 125.599 positions. 
A canonical Huffman compression of the compressed sequence will then produce a 
result of 220.492 bytes. This means 1 ,75 bits/byte. 

[0247] Next, we discuss briefly whether it would be better to choose the pair to be left 
as an explanation of a replacement rule in a different way. E.g., let ... bcabcd ... be 
a sequence where ab and cd are already chosen not to be replaced, if the first be is 
chosen to be left in the compressed sequence then the second occurrence of the 
pair be cannot be replaced since both of its symbols are marked not replaceable. 
However, if the second occurrence of be is chosen then the first be can be 
replaced. The author tested a method that found a pair whose one symbol was 
already marked to be not replaceable and left this pair in the compressed 
sequence. In the tests the compression result was not as good as in the method 
presented above - however, the difference was a very small one. In addition, the 
decompression is more complicated. When always the first occurrence of a pair is 
chosen then those first occurrences will also appear near each other. These 
consecutive occurrences of first pairs have common symbols and thus they use 
less space. 

[0248] Algorithm A2. A speed up improvement. 

^^^^"^^ In Algorithm Al the priority queue update is done immediately after pair's 

number of replaceable occurrences changes. This causes the double linked lists to 
have many updates. The priority queue update can be postponed to the point when 
all the occurrences of a chosen pair have been studied. When a pair's number of 
replaceable occurrences is changed, the index of this pairs record in the Pairs array 
30\s inserted into an array called Changedlnds if it is not already there. To check 
that an index is not already in Changedlnds another array called ChangedCheck is 
used. This ChangedCheck is indexed by the Pairs array 30 index and has a value of 
0 if the index is not in the Changedlnds array. If a Pairs array record's number of 
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replaceable occurrences is decremented then its index is inserted into Changedind 
array with minus(-) sign, if the number is incremented the index is inserted with 
posltlve(+) Sign. When ail the occurrences of a pair have been studied for possible 
replacement, the indexes in the Changedlnds array show which Pairs array records 
must be repositioned regarding to priority queue lists. If an index has a negative 
sign then it is known that the record need not be repositioned if the number of 
replaceable occurrences is greater than or equal to SqrLenlnp. (The record is still in 
the last priority queue 40 list). If an index has positive sign and a number greater 
than or equal to SqrLenlnp the record is inserted into the last priority queue list, in 
first position. If a record has a number less than or equal to Numlimit it is moved 
to the list of re-usable records 50 , the sign of the index has no meaning in this 
case. If a record has a number greater than Numlimit and less than SqrLenlnp then 
it is inserted into the priority queue list indexed by the number of replaceable 
occurrences, in first position. To modify Algorithm Al according to the needs of 
the Algorithm A2 the procedures Decrement and Increment are modified to use 
arrays ChangedChecks and Changedlnds as described above. In addition, the array 
Changedlnds is traversed when all occurrences of a pair have been studied for 
possible replacement and the records are moved into proper positions as described 
above. In Algorithm Al when all occurrences of a pair have been studied for 
possible replacement the priority queue lists up to and including Numlimit are 
traversed and those records are put into the re-usable list 50, In Algorithm A2 this 
is not done since records are moved into the re-usable list 5i?when the 
Changedlnds array is traversed. 

[0250] This algorithm uses slightly more memory than algorithm Al due to extra 
arrays. 

[0251] Algorithm A3. Another speed up improvement. 
[0252] 

Further improvements to the speed of Algorithm Al can be done. This is a 
different one than the one presented in Algorithm A2. In practical tests, this has 
been the fastest one, it uses more memory than both previous ones. We give first 
the idea and show the exact description later. Let be be a pair that is chosen to be 
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replaced in a sequence ... abed ... resulting to a sequence ... aEd ... . If we consider 
the new pair aE then if aE's number of replaceable occurrences is increased then 
the number of replaceable occurrences of ab is decreased. An exception is the case 
when a=b. In the case when a=b thus the sequence being ... bbcd ... resulting to 
... bEd ... the number of replaceable occurrences of bE will increase but the number 
of bb will decrease only if there are an even number of "b"-symbols. Similar rule 
applies to the right side: if d-c then Ec will increase but cc will decrement only if 
there are an even number of "c"-symbols. In other than those special cases the 
number to be incremented for the pair aE (Ed for the right side) is the same as the 
number to be decremented for pair ab (cd). Thus, all the number of replaceable 
occurrences changes for those pairs can be collected into two arrays, one for the 
left and one for the right side. In this case those arrays are indexed by V for left 
side and by "d" for right side. When a number of replaceable occurrences change 
happens the array value is incremented by 1 . In addition, those arrays can be used 
to store the information for the new pairs aE and Ed that in Algorithm 1 is accessed 
via hash table 20 and stored in Pairs array records 30.Th\s information is in two 
fields: "First position" and the "Last seen previous position". When all the 
occurrences for a pair be have been studied then those arrays are used to 
decrement the number of replaceable occurrences for pairs ab and cd in Pairs array 
records 30 and increment the numbers for pairs aE and Ed. Each pair thus requires 
1 usage of the hash table. The above-mentioned field "First position" is also copied . 
to Pairs array field for pairs aE and Ed. The other field "Last seen previous position" 
is only needed when all the occurrences for the pair be are studied. 

[0253] Three not yet mentioned special cases still exist. One is the pair cb in sequence 
abcbcd when be is replaced. Second is the pair ab in sequence abed when be is the 
first occurrence of the pair be. In this ease, there is no replacement and there will 
be no new pair aE. In similar way the pair cd will be decremented but there will be 
no new pair Ed. 

One variable for every special case is used. Three are used to store the number 
of replaceable occurrences change for the eases when the decremented number 
differs from the incremented number. Two are used to store the symbols adjacent 
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to first occurrence. Thus, 5 variables are needed. 

[0255] We now give the exact description of the Algorithm A3. Referring to Figure 2. 

[02 56] The Step 1 "Reading of an input into symbol sequence array 70" and the Step 2 
"Initial inserting of the records of Pairs array JO into the priority queue ^0 lists" are 
as in Algorithm Al . 

[0257] A technical detail is that now the Pairs array record does not necessarily need 
the "Last seen previous position" field. In the step 1 the "Reading of an input into 
symbol sequence array 70" it can be replaced by a temporary array which is no 
more needed after the step 1 . 

[02 58] Step 3. Looping until the greatest number of replaceable occurrences is 
Numlimit, This is the main loop of the algorithm. When this loop finishes ail 
priority queue lists above Numlimit are empty. 

[0259] (a) Find from the priority queue 40the pair having the greatest number of 

replaceable occurrences. This is achieved by going through the list pointed by the 
last priority queue entry, SqrLenlnp, if it is not empty. If this list Is empty then take 
the first record 30 \n the first nonempty list found going down from SqrLenlnp. 
Note that a newly found greatest number of replaceable occurrences cannot exceed 
any previously found and thus the priority queue's ^0 starting positions are studied 
in descending order. Use this found record's "First position" field to find the 
Starting position in symbol sequence array 10. 

[0260] (b) Let b be the symbol in this first position. Let c be the symbol in next 

position (empty positions skipped). Let the symbol before b be "a" and the symbol 
after "c" be "d" thus forming a sequence abed, 

[0261 ] The left side. The variable LeftEqNum stores the number of replaceable 

occurrences changes for the pair bb and MiddleNum for the number for pair cb. 
The variable FirstPosAsymbol is set to the value of the symbol "a" in the sequence 
abed if the pair ab's number of replaceable occurrences is decremented by 1 . 

[0262] FirstPosAsymbol = -1 
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[0263] If sgnA > 0 Then 

[0264] If sgnA = abs(c) Then 

[0265] MiddleNum = MiddleNum + 1 

[0266] Elself sgnA <> abs(b) Then 

[0267] FirstPosAsymbol = abs(a) 

[0268] Else 

[0269] If CountSimlKLeft, position of "a") Mod 2-0 Then 

[0270] LeftEqNum = LeftEqNum + 1 

[0271] End If 

[0272] End If 

[0273] End If 

[0274] The right side. The variable RightEqNum is for the number of replaceable 
occurrences for pair cc. The variable FirstPosDsymbol is set to the value of the 
symbol "d" in the sequence abed if the pair cd's number is decremented by 1 . 

[0275] FirstPosDsymbol = -1 

[0276] If sgnD > OThen 

[0277] If abs(d) = abs(b) Then 

[0278] MiddleNum = MiddleNum + 1 

[0279] Elself abs(c) <> abs(d) Then 

[0280] FirstPosDsymbol =^ abs(d) 

[0281] Else 

[0282] If CountSimiKRight, position of "d") Mod 2 = OThen 



Page29 of 50 



[0283] 
[0284] 



RightEqNum = RightEqNum + 1 
End If 



[0285] End If 
[0286] End If 

[0287] Next, set the symbols b and c values negative indicating they are part of a first 
occurrence of a pair. Index the SymbolStart array by abs(b) and set this Symbolstart 
(abs(b)) to have a value of the position of b, 

[0288] (c) Using the next pointer of this position in the symbol sequence array 10 
study all the other occurrences of this pair be. 

[0289] If one of the symbols in an occurrence is negative then set the occurrence's 
first symbol's previous and next pointers to null (-1). 

[0290] If in an occurrence both the first and second symbols are positive then find the 
number of consecutive occurrences of this pair requiring all symbols of these 
occurrences being positive. Let RLcount be this number (we use now abcbcbcd as 
an example, RLcount is thus 3). Comparing to Algorithm 1 the calls for the 
Decrement procedure are replaced with an addition operation. 

[0291] wasmiddle = False 

[0292] sgnA=symbol "a" with the sign i.e. sgnA can be also negative 

[0293] If abs(b)<>abs(c)Then 

[0294] FixPointers position of "a", position of "d", position of "a", abs{a), abs(b) 

[0295] If sgnA= abs(b) Then 

[0296] If CountSirr?// (Left, position of "a") Mod 2 = 0 Then 

[0297] LeftEqNum - LeftEqNum + 1 

[0298] End If 
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[0299] Elself sgnA = abs(c) Then 

[0300] MiddleNum = MiddleNum + 1 

[0301] wasmiddle = True 

[0302] End If 

[0303] Elself abs(x) <> abs(b) Then 

[0304] FixPointers position of "a", position of "d", position of "a", abs(a), abs(b) 

[0305] End If 

[0306] Next the right pair cd is dealt with. The pair to be replaced is be and "d" the 

symbol after the last pair. The variable wasmiddle is used ensure that the pair cb's 
pointers are set only once. Again, comparing to Algorithm 1 the procedure 
Decrement is replaced with addition operation. 

[0307] sgnD=symbol "d" with the sign i.e. sgnD can be also negative 

[0308] If abs(b)<>abs(c) Then 

[0309] If abs(c) = abs(d) Then 

[03 1 0] FixPointers position of "a", position of "d", position of the last "c", abs(c), abs 
(d) 

[0311] If sgnD > OThen 

[0312] If CountS/m/7 {Right, position of "d") Mod 2 = 0 Then 

[0313] RightEqNum = RightEqNum + 1 

[0314] End If 

[0315] End If 

[03 1 6] Elself abs(d) = abs(b) Then 
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[03 1 7] If Not wasmiddle Then 

[031 8] FixPointers position of "a", position of "d", position of the last "c", abs(c), 
abs(d) 

[0319] wasmiddle = True 

[0320] End If 

[0321] If sgnD > OThen 

[0322] MiddleNum = MiddleNum -h 1 

[0323] End If 

[0324] Else 

[0325] FixPointers position of "a", position of "d", position of the last "c", abs(c), abs 
(d) 

[0326] End If 

[0327] Elself abs(c) <> abs(d) Then 

[0328] FixPointers position of "a", position of "d", position of the last V, abs(c), abs 
(d) 

[0329] End If 

[0330] Next, the middle pair cb. In a sequence abcbcbcd where RLcount is 3 (3 
occurrences of be) there are 2 occurrences of cb. Again wasmiddle is used to 
ensure that the pointers of the middle pair are set only once. 

[0331] If abs(b)<>abs(c) And RLcount > 1 Then 

[0332] If Not wasmiddle Then 

[0333] f/>r/'o//7fe/-s position of "a", position of "d", position of last "c", abs(c), abs(b) 

[0334] End If 
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[0335] 



MiddleNum = MiddleNum + RLcount - 1 



[0336] End If 

[0337] The special cases were thus handled. Now the general case. 

[0338] The left side. The array LeftChanges is used to store the number of changes 
that occur for a pair and the position of first occurrence and position of last seen 
occurrence of the pair. The array LeftChangelnds stores all the indexes in 
LeftChanges that were modified. Index the array LeftChanges with abs(a). Consider 
the case that the field "Last seen previous position" is -1 indicating that 
LeftChanges at index abs(a) has not been modified. If the symbol "a" has a negative 
sing then set the field "number of changes" to be 0, otherwise set the "number of 
changes" to be 1 . Also set the fields "First position" and "Last seen previous 
position" to the value of position of "a". The symbol sequence array's 7^? fields 
"Pointer to previous occurrence of this pair" and "Pointer to next occurrence of this 
pair" are set to null (-1). Now consider that LeftChanges indexed by abs(a) has a 
modified value. If symbol "a" has a positive sign then increment the field "number 
of changes" by 1 . Also, update symbol sequence array's fields "Pointer to previous 
occurrence of this pair" and "Pointer to next occurrence of this pair" using the field 
"Last seen previous position" in the array LeftChanges. The field "Last seen 
previous position" in LeftChanges is then set to the value of position of "a". 

[0339] j^jg^^ ^ij^ 1^^^ RightChanges is used to store the number of 

changes that occur for a pair and the position of first occurrence and position of 
last seen occurrence of the pair. The array RightChangelnds stores all the indexes 
in RightChanges that were modified. Index the array RightChanges with abs(d). 
Consider the case that the field "Last seen previous position" is -1 indicating that 
RightChanges at index abs(d) has not been modified. If symbol "d" has a negative 
sing then set the field "number of changes" to be 0, otherwise set the "number of 
changes" to be 1 . Also, set the fields "First position" and "Last seen previous 
position" to the value of position of "d". The symbol sequence array's fields 
"Pointer to previous occurrence of this pair" and "Pointer to next occurrence of this 
pair" are set to null (-1). Now consider that RightChanges indexed by abs(d) has a 
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modified value. If symbol "d" has a positive sign then increment the field "number 
of changes" by 1 . Also, update symbol sequence array's fields "Pointer to previous 
occurrence of this pair" and "Pointer to next occurrence of this pair" using the field 
"Last seen previous position" in the array RightChanges. The field "Last seen 
previous position" in LeftChanges is then set to the value of position of "d". 

[0340] Next put the new symbol (let it now be E) RLcount times into positions starting 
from and including the now replaced sequence's first symbol "b". 

[0341] If RLcount is greater than 1 then there will be new occurrences of the pair EE. 

The array LeftChanges is used for this pair. The array LeftChangelnds stores all the 
indexes in LeftChanges that were modified. Now index array LeftChanges by E. 
Consider the case that the field "Last seen previous position" is -1 indicating that 
RightChanges at index E has not been modified. Set the "number of changes" to 0 
and set a temporary variable Oldnum to 0 and set the fields "First position" and 
"Last seen previous position" to the value of the position of first E inserted in 
previous chapter. The symbol sequence array's fields "Pointer to previous 
occurrence of this pair" and "Pointer to next occurrence of this pair" are set to null 
(-1). Now consider that LeftChanges indexed by E has a modified value. Set the 
temporary variable Oldnum to the value of field "number of changes". Update 
symbol sequence array's fields "Pointer to previous occurrence of this pair" and 
"Pointer to next occurrence of this pair" using the field "Last seen previous 
position" in the array LeftChanges. Consider now those E symbols inserted in 
previous chapter. In the symbol sequence array 10 set every E's but the two last 
one's next pointer to point to its own position plus 1 and the pointed E's previous 
pointer to its own position minus 1 . The field "Last seen previous position" in 
LeftChanges at index E is set to the value of position of the last E minus 1 . Also, 
the field "number of changes" is set to the value of Oldnum + RLcount\2. 

[0342] To skip the empty positions set the next pointer of the first and the previous 
pointer of the last of those positions that became empty because of replacement 
by 0. 

[0343] This step 3(c) continues until all the occurrences of the pair have been studied. 
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[0344] (d) When all the occurrences of a pair have been studied for possible 

replacement, the first occurrence's first symbors next pointer in the symbol 
sequence array 10 \s set to null (-1). In addition, this pair's record is disconnected 
from its priority queue and hash table list, the record's previous and next records 
in the corresponding lists are connected to each other. Then the record is moved 
to the re-usable list 5^?by setting the record's "Next in hash table list" pointer to 
point to the record pointed by Pairsfee variable and setting the Pairsfree to point to 
this record. 

[0345] (e) Next, the 5 variables used for the special cases are dealt with. First the 

three variables LeftEqNum (pair bb), RightEqNum (pair cc) and MiddleNum (pair cb). 
Use hash table 20to find the Pairs array record for each pair. Then decrement the 
number of replaceable occurrences in that record by the amount the variable tells 
and move the record to its proper place in priority queue 40 ox into the list of re- 
usable records 50 . Next, the variables FirstPosAsymbol and FirstPosDsymbol that 
store the symbol values. Check if the array LeftChanges indexed by 
FirstPosAsymbol has a modified value. If this is not the case then find using the 
hash table the Pairs array record for pair "FirstPosAsymbol""b" and decrement its 
number of replaceable occurrences by 1 and move the record to its proper place in 
the priority queue or into the list of re-usable records. Check if the array 
RightChanges indexed by FirstPosDsymbol has a modified value. If this is not the 
case then find using the hash table the Pairs array record for pair 
V'FirstPosDsymbol" and decrement its number of replaceable occurrences by 1 
and move the record to its proper place in the priority queue or into the list of re- 
usable records. 

[0346] 

(f) The arrays LeftChanges and RightChanges store the needed information for 
those symbols that appeared at the left or the right side of the replaced pair. The 
arrays LeftChangelnds and RightChangeinds store the modified indexes of those 
arrays. Using the LeftChangelnds and RightChangeinds arrays all the modified 
indexes are studied. If in a modified index there is a nonzero number of 
replaceable occurrences change then find the Pairs array record for the 
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decrementing pair in question using the hash table and decrement the number of 
replaceable occurrences by this value. (A modified index i in the array LeftChanges 
corresponds to a pair "LeftChanges{i)""b" when be is the pair whose occurrences 
were studied. A modified index i in the array RightChanges corresponds to a pair 
V"RightChanges(i)" when be is the pair whose occurrences were studied.) Move the 
record into its proper place in the priority queue or into the list of re-usable 
records. The decrementing pairs for the special cases handled by LeftEqNum, 
MiddieNum and RightEqNum (pairs bb, cb and cc In a sequence bbcbcc when be is 
replaced) are not handled - they are skipped since they were already handled as 
described in previous step (e). To know if a pair is one of the special cases the 
index of the arrays LeftChanges and RightChanges must be either b or c when be is 
the pair to be replaced. When a decrementing pair is considered then if a modified 
index in the LeftChanges array equals to FirstPosAsymbol then the value of change 
is increased by 1 . This incremented value is then decremented from the Pairs array 
record as described in this chapter. Similarly if a modified index in the 
RightChanges array equals to FirstPosDsymbol then the value of change is 
increased by 1 . This incremented value is then decremented from the Pairs array 
record. Let E be the new symbol used to replace occurrences. A modified index i in 
the array LeftChanges corresponds now to a new pair "LeftChanges(i)"E. A modified 
index i in the array RightChanges corresponds to a new pair E"RightChanges(i)". If 
the new number of replaceable occurrences is greater than Numlimit then those 
new pairs are hashed and inserted into the double linked hash table lists and into 
the priority queue lists. When an index in the arrays LeftChanges or RightChanges 
has been processed then the field "Last seen previous position" is set to -1 
indicating that the index has not been modified. 

[0347] The computation of this Step 3 will continue from the beginning of this step. 
The last steps 4, 5 and 6 are as in Algorithm Al . 

[0348] Decompression, Algorithm Bl . 

[0349] 

Recall that the compressed sequence consists of atomic symbols i.e. symbols 
from original uncompressed input and pointers. A pointer is a value of the position 
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pointed to plus a value greater than any atonnic symbol's value. This added value 
upperlimit is the first number greater than any atomic symbol. 

[03 50] For each position X in compressed input: 

[0351] Step 1 . Determine if a position X in compressed Input contains an atomic 

symbol or a pointer: if the value is less than upperlimit then the position contains 
an atomic symbol. 

[0352] Step 2. If a position X contains an atomic symbol then 

[0353] copy the atomic symbol to the next unoccupied position Z in decompressed 
output and set 

[03 54] Length_of_position (X) - 1 

[0355] Starting_position(X) = Z 

[03 56] else if a position X contains a pointer to a position Y then set 
[03 57] E=Length_of,position(Y) + Length_of_position(Y+l) 

[0358] and copy E positions to next unoccupied position Z in decompressed output 

from decompressed output from the position Starting_position(Y) and set 

[0359] Length_of_position(X) = E 

[0360] Starting_position(X) = Z. 

[0361] The decompression is very straightforward and fast. Please notice that if the 
compressed sequence is Huffman compressed then immediately when the next 
symbol is discovered from Huffman code it can - if wanted - also be outputted to 
the decompression algorithm B1. 

[0352] 

The memory requirements for this decompression algorithm Bl are 2 storage 
words for each position in compressed sequence. When a word occupies 4 bytes 
then 8 bytes per a position in compressed sequence is the memory needed. Recall 
that the algorithm Ai compresses the first 1.000.000 bytes of the bible.txt in 
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Canterbury corpus to 125.699 positions. The arrays used in decompression in tliis 
case thus require 1.005.592 bytes, if the compression algorithms presented are 
used to compress data that does not compress well then the number of positions 
in compressed sequence is larger. It is never however larger than the number of 
input symbols. If large amounts of data are to be compressed then the data is of 
course compressed in blocks. Determining the block size sets the upper limit for 
memory requirement. 

[0363] Decompression, Algorithm B2. 

[0364] if slighter slower decompression speed is tolerated then this algorithm can be 
used. Less memory is used. As in the algorithm B1 the arrays Length_of_position 
and Starting.position are used. Now they are not indexed by every position in 
compressed sequence - instead the length and the starting position information is 
stored only for those positions that are actually pointed to. Another array called 
IsPointedTo is indexed by every position; the value stored in this array is the index 
in arrays Length_of_position and Starting.position for those positions that are 
pointed to. 

[0365] Step 1. Setj = -1 

[0366] Step 2. Traverse the compressed positions once. 

[0367] If a position has a pointer to position Y then 

[0368] If IsPointedTo(Y) is empty then 

[0369] j = j + 1 

[0370] IsPointedTo(Y) = j 

[0371] End if 

[0372] If lsPointedTo(Y+l) is empty then 

[0373] j-j+1 

[0374] lsPointedTo(Y+l) - j 
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[0375] End If 

[0376] End if 

[0377] Step 3. The compressed positions are traversed once and for each position X in 
compressed input: 

[0378] (a) Determine if a position X in compressed input contains an atomic symbol or 
a pointer: if the value is less than upperlimit then the position contains an atomic 
symbol. 

[0379] (b) If a position X contains an atomic symbol then: 

[0380] copy the atomic symbol to the decompressed output to next unoccupied 

position Z 



[0381] 


If IsPointedTo(X) is not empty then 


[0382] 


W= IsPointedTo(X) 


[0383] 


Length_of_position(W) = 1 


[0384] 


Starting_position(W) = Z 


[0385] 


End if 


[0386] 


else if a position X contains a pointer to a position Y then: 


[03 87] 


Wl = IsPointedTo(Y) 


[0388] 


W2=lsPointedTo(Y+l) 


[0389] 


E=Length_of_position(Wl) + Length_of_position(W2) 


[0390] 


copy E positions to next unoccupied position Z in decompressed output from 




decompressed output from the position Starting. position(Wl) 


[0391] 


If IsPointedTo(X) is not empty then 


[0392] 


W=lsPointedTo(X) 
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[0393] Length_of_position(W) = E 

[0394] Starting_position(W) = Z 



[0395] End If 

[0396] End If 

[0397] Considering the memory requirements it can be seen that the array IsPointedTo 
requires 1 word per position in compressed sequence. Every position that is 
pointed to adds two words to memory requirement. 



P 

m 
m 
u 
m 
m 

o 

m 

m 
u 



Page40of 50 



